Abstract. This paper proposes a mathematical model of power grid section transmission limit under the constraints of N-1 contingency analysis and interruptible load management. By loosen the conditions of traditional N-1 analysis with the interruptible load management on demand side, an improved power grid section transmission limit model considering the interruptible load and power flow constraints is established. The opposite-quantities-adjusted in pairs method based on branch sensitivity is studied and proposed to solve the model. The quantitative relationship between the increments of the grid section transmission limit and the load interrupted quantities is tested with the IEEE39-bus testing system. The simulation result shows that the application of interruptible load can improve the grid section transmission limit, as well as improving the operation economy while the security of the power system is guaranteed.
Introduction
Subsystems and transmission sections between them are formed naturally during the development of modern interconnected power systems. Mastering the limit of the transmission section can help to guarantee the system security meet the power demand of each subsystem [1, 2] . Although building new transmission lines is the basic way to improve the transmission capacity of the grid section, in recent years it encounters a variety of restrictions [3] . So it has great significance to make full use of the existing transmission lines and management policy to increase the grid section transmission limit, so as to improve the economy under the premise of the security of the power system.
Demand side management (DSM), which is introduced with the development of power market, gains a wide range of concerns in recent years. As an example, the interruptible load (IL), which means the dispatch center can shedding loads according to the contracts in the peak periods or in the state of emergency, is often used to regulate the peak load. Therefore, the application of the interruptible load is equivalent to the fast capacity backup on demand side [4] [5] [6] [7] . When calculating the grid section transmission limit under the constraints of N-1 principles, traditional methods stipulate that no load can be lost during the regulation. However, the application of DSM breaks this rule since consumers can initiatively reduce the load when the system operation requires. These properties of DSM loosen the conditions of N-1 principles to a certain degree and it can improve the transmission limit under normal conditions, namely, improve the economy of the system. Transmission capacity calculation is an important and hot research topic. Existing methods can be divided into two categories, deterministic and probabilistic method. Deterministic methods, such as repeated power flow method, continuous power flow method, optimal power flow method calculates the transmission capacity directly [8] [9] [10] , while the probabilistic methods consider uncertain factors, for example, stochastic programming, enumeration method and the Monte Carlo method [11, 12] . These methods depend on a large number of random sample data and may not adapt to the calculation of large power grids. Traditional "N-1" security analysis model does not consider load adjustment; the stringent restriction seriously limits the grid transmission capacity and hence affects the economy of system operation. With the development of power market reform, demand side management, e.g. interruptible load was proposed and put forward into application. For instance, reference [13] studies the application of the interruptible load on the system reserve capacity. Reference [14] proposed the influences of system reserve capacity considering the demand elasticity, and the method of demand side management under the framework of smart grid is discussed and prospected in reference [15] . In short, because of DSM, some load can be lost actively when the system suffers a serious "N-1" contingency. This paper considers DSM in security analysis under the N-1 constraints, the object of the method is to improve the grid section transmission limit, and hence to increase the economic operation of the system while don't reduce it security.
Transmission Limit Model Considering IL and N-1 Contingency
The problem of grid cross section transmission limit considering the interruptible load and the constraints of N-1 contingency can be described as follows:
(a) Under normal operating conditions, all devices operate in their limits and no overload occurs in the system. (b) In a given study case, if N-1 contingency happens and the disconnection of any normally operating line does not cause overload of the rest of lines in the grid transmission section. (c) The maximum power flow permitted in the normal operating mode is the transmission limit of the transmission section, which is set to be sm P , then if the section flow is less or equal to sm P , there is not any transmission line overloaded whether the system is in normal operating state or in the case of N-1 contingencies. , when N-1 contingency occurs, dispatching center should shedding the IL according to the contracts to make the non-faulted transmission lines satisfy the constraints of the line limit. According to the principle of the maximum efficiency, less quantity of the interruptible load should be shedding at the same time of the transmission capability increasing. Therefore, the mathematical model of grid transmission section limit considering the interruptible load can be described as follows:
Obj. (2) is the power flow equation and k means that the k th line is faulted and out of service;
are the total numbers of generator and load, θ is the power factor of the interruptible load. Generally, the implementation of interruptible load considers only active power and hence the interrupted reactive power has to obtain with power factor. The above equations compose the improvement model of the mathematical model of the traditional transmission limit under the constraints of N-1 static security. The model reveals the transmission limit and the interrupted quantity of the interruptible load.
Solution Algorithm Based on Opposite Quantity in Pairs Adjustment
The branch sensitivity is the sensitivity of the active power flow of the branch to the output of the generator or the active power injection of the node. If the output of generating units i changes one unit, the active power change of the corresponding branch l is the branch's sensitivity to the generating units, normally denoted by il S . The opposite quantity in pairs adjust method is based on sensitivity method [18] . when adjust the system active power, if the active power on one node need to increase, another node must be found to decrease active power, and vice versa. The Quantity of the increasing and decrease of the paired nodes are equal. The adjustment is independent with the slack bus and hence there is no problem about power flow over limit. Since the system keeps balance during the power adjustment, this method can obtain high efficiency in practice.
This paper presents an opposite-quantity-in-pairs adjustment method to solve the model. Sorting the controllable generation units according to their sensitivity to the opened branch in N-1, choosing the largest and smallest generation unit for pairing, the specific process is as follows:
Assume the active power need to be adjusted of branch l is l P ∆ and the total numbers of the controllable units is m. sorting the generators in descendent order according to their sensitivity to the branch and forms a reference table as shown in Figure 1 . During the pairing and adjustment process, the output limit of the generators should be considered, so the actual amount of the generator adjustment can be expressed as:
After obtaining
, the following equation can be used to revise the power which is need to adjusted:
If 0 > ∆ l P , it means that the first pair is inadequate to satisfy the adjustment and other generators should join in the adjustment process. Remove generator 1 and m from the sorting table and continue the sorting and adjusting process until the branch l meets the demand.
Solution Procedure of the Algorithm
When the most serious N-1 contingency occurs, calculate the generator adjustment sequence table and constantly adjust the generators in the supply side and the load in the demand side to increase the power flow of the transmission section but guarantee there is no overloading in the transmission lines. Opposite quantity in pairs adjustment method based on sensitivity is used to solve the model, and the solution is divided into two stages.
The first stage: solving the limit of the transmission cross section.
(1) In the normal operation mode, take a typical load pattern to obtain original data, including the active and reactive power vector of generator , and the maximum permitted power max max 1~m P P of the branches.
(2) Find out the heaviest loaded line k l , whose disconnection will cause serious contingency and its power flow will transfer to the other branches, and at this time the active power flow of branch
( all the branches are not overload now).
(3) Then based on step (2) find out the branch e l whose active power is closest to the limit, that is, fig.1 , determine the first match and adjustment volume according to (11) . (5) After the first time adjustment, if no branch is overloaded, repeating step (4) until the branch e l is overload. (6) use opposite quantity in pairs adjust method to eliminate the overload, find out the transmission limit of the grid transmission cross section, namely sm P . The second stage: Based on above conclusion, analysis the influence of the interruptible load to the transmission limit, and find out the relationship between the interrupted quantities and the increasing value of the transmission limit.
(1) Determine the total amount of load can be interrupted, and calculate branch e l 's sensitivity, and form the adjustment reference Table 2. (2) Adjust the generation units in the supply side to make branch e l overload, and the sum of the power flow of the lines in transmission section is 1 sm P , then adjust interruptible load in the demand side to elimination the branch's overload. This step is considered to improve the transmission limit to 1 sm P . (3) If the increase of the transmission limit of the cross section is not the same, the outage load in the end region area is also different. The relationship between the volume of the interrupted load and the increase of the limit of the cross section transmission can be obtained.
Testing and Simulation Scenario
The model is verified and analyzed with IEEE39-bus system. The system consists of 39 buses, 10 generators, 12 transformers and 34 lines. The testing system can be divided into 3 regions, and the slack bus is Bus 31. The reference voltage is 100kV, the reference power is 100MVA. The diagram and regional division of the system is shown in Figure 2 . This paper calculates the section of transmission limit between zone 1 and zone 3 as well as the influence of interruptible load management on zone 3 to its section transmission limit. Zone 1 and zone 3 are connected by three tie lines: Bus16-19, Bus21-22, and Bus16-24. Then, use reverse equivalent sensitivity adjustment method to calculate and use BPA to obtain flow simulation and adjustment. Assume the interruptible load management is implemented in zone 1. Since industrial users are usually act as the interruptible load, in this example, it assumes that heavy loads are interruptible. In this example, Bus3, bus15 and Bus16 have the heaviest load in zone 1 and the users on these nodes would like to lose their load with reasonable electrovalence.
Calculating the power flow of the system and the result is shown in Table 1 , it can be seen that the branch bus21-22 is the heaviest loaded branch, whose disconnection will cause large amount of power redistribution. Open the branch of Bus21-22 and recalculate the power flow, the active power of the rest two branches are shown in Table 2 . It can be seen that the branch of bus16-24 is more likely to overload, calculating the sensitivity of the branch to the generators in zone 1 and zone 3, the result is as follows. Using opposite quantity in pairs adjustment method to solve the transmission limit the cross section, it is shown that the limit is 1189.3MW. Now the interruptible load is taken into account to increase the transmission limit, i.e. controlling Bus3, bus15 and Bus16 to improve the power transmission limit under the normal operation mode. The sensitivity of Bus3, Bus15, Bus16 to the most vulnerable to overload line Bus16-19 and the limit value of the load can be interrupted as shown in Table 4 (assuming that the maximum load of each node can be interrupted for 20% of its total load). From Table 4 , when branch Bus16-19 ,it should first cut off Bus 16 for its largest sensitivity.If the overload doesn't eliminated, followed by bus15, Bus3 to ensure the least amount to cut off.
The transmission limit of the cross section is increased by 1%, 2%, 3%, 4%, 5% and so on. The load capacity of the 3 different nodes is shown in Table 5 : It's seen from the above that the use of interruptible load management can effectively improve the cross-section transmission limit in zone 1. In this example, the cross-section transmission limit of zone 1 to zone 3 increase by 1%, 2%, 3%, 4%, 5%, and the total interruptible load amount are 23.9MW, 47.9MW, 75.7 MW, 111.3 MW, 189.5 MW. It considers the node's sensitivity to the branch, so it ensures that when the transmission section limit increase is a fixed value, interruptible load removal rate is minimum.
Conclusion
With the popularization of the concept of electric power market, the DSM technology has been widely developed and practiced. This paper innovatively applied interruptible load management into static security. The method does not violate the core principle, but loosen the conditions of N-1 contingency analysis. Through interruptible load management, the system operator can cut down the interruptible load when the system needed and hence can increase the transmission limit of the grid cross section. With the method in this paper, the transmission limit can be improved while the security of the system can be also guaranteed.
